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ABSTRACT

Significant diflerences are found in the IRA S color-color diagrams of sinall regions
(22 x 2, or 0.4 kpcx1.8kpc)withinthe disk of M31compared to Galactic cirrus, most
noticcably demnonstrated by atrend of low 6 0pm-10-100pm surface brightness ratio
and high 1 2pum-to- 25pm ratio. Based on physical arguments, wc conclude that these
color diflerences arc best explained by assuming that “Very Small Grains” (but not
Polycyclic Aromatic Hydrocarbons) arc only half as abundant in M31 as they are in
Galactic cirrus. Wc confirm this conclusionandtest its detailed agreceinent with data by
using the phenomenological model by Désertet al. (1 990). in particular, wc show that
the data cannot be explained by postulating weaker UV heating inthe disk of M31. We
also show that the VSG-deficient imodel predicts correctly the correspondence between
the 11RAS colors aud the ]00;'un cinissivity per Hlatom in the outer disk of M 31.

“Very Small Grains” arca leading candidate for the carrier of the 21 75A bump
in the extinction curve. Our suggested VSG dcficiency in M31 is thus consistent with
recent HS'T observations which show evidence for a weaker and narrower 21 75A bump
on the M31 extinction curve. Some speculation is oflered as to possible links between

Very Small Grains and the low rate of current star formation in M31.

Subject headings: galaxies: individual - galaxies: interstellar matter - galaxies:

photometry - interstellar: grains




1. Introduction

It is now widely accepted that siall grains (< 100A) are an important ingredient

of interstellar dust (Puget & Léger 1989). Accurate determinations of the uliraviolet
(UV) extinction curve towards a variety of stars using the International Ultraviolet
Yixplorer (secc Mathis 1990 for a review) revealed that the extinct.io]l cross section of dust
keeps rising from the optical towards the UV, with a ‘bump’ near 21 75A,and a non-
lincar rise in the far UV (A>20004). T'his behavior cannot be attributed to large grains

(21004 ) which, because of their large size, contribute mainly to the near-il]frarccl and

optical extinction (Draine & l.ec 1984). Near infrared and mid-infrared spectroscopic
studics of a wide variety of objects (HII regions, reflection nebulae, planetary nebulae,
interstellar cirrus, galaxics) revealed a set of emission features a 3.3, 6.2, '7.'7, 8.6, and
11.3 pm, which have been successfully associated with 1’olycyclic Aromatic Hydrocarbon
miolecules (} 'All ) by Léger & Puget (1 984, scc aso Puget & Liéger 1989). T'hese are 2-
dimensional molecules of ~ 1011 in size, which arc heated by a single photontiomore than
1000 K and then recmit the encrgy mostly in the “aromatic” infrared features. Finpirical
arguments (Helou, Ryter & Soifer | 991 ) and model calculations have suggested that
they dominate the12pum IRAS flux of various objects including galaxies (XU & Dec
Zotti 1989).

These PA Hs however have difliculty accounting for the diffuse 25pm radiation seen
in the Solar Neighborhood (Boulanger & Pérault 1989), inthe Galactic plane (Cox &
Mezger 1988; Pérault et a. 1 988), ant] inncarby galaxies such as M31 (Walterbos &
Schwering 1987), without getling uncomfortably large (well over 1000 carbon atoms),
and losing their }'All character (Désert el al. 1990, hereafter DBP90). Large grains in
thermal equilibrium on the other hand cannot account for the diffuse 25pm emission
because they arc too cool (~ 201{, Drainc & Anderson 1985). Désert et al. (1990)
thercfore suggested a population of 3-dimentional very small grains (VSG) of size 10-
150A as the predominant source for the diffuse 25pm radiation. Similar to PAlls, VSG
undergo significant temperature fluctuations when heated by optical or UV radiation,
but reemit the energy in the mid-infrared continuuin rather than in features. These
VSG will inaddition contribute to the 60pm diffuse radiation,a desirable feature in
view of the constant 60um to 100 pm flux ratio in the Galactic plane (Cox & Mezger
1987, Péraultel al. 1990) andinthe disk of M31(Walterbos & Schwering 1987).

This constancy is reproduced by the combination of VSG and large grains, but is quite




unlikely behavior for large grains alone whose temperatures must decrease substantially
fromninner to outer disk with the decrcase of the radiation field (}Helou 1989).

While the properties of I’All molecules arc well studied both astronomically and
in the laboratory, very few studies in the literature arc devoted to VSG, and these
studics are exclusively confined to Galactic objects (Sallgreen 1984; Castelaz, Sellgren
& Werner 1987; Draine & Anderson; DBP90). This is basically clue to the difliculty
of spectroscopic measurements beyond 20/1111, where VSG emit most of their radiation.
Yor galaxies outside the Milky Way, there is the addilional obstacle that the total fluxes
at 25p0n and at 60y1n arc very often dominated by the warm dust associated with star-
formationregions (XU & De Zotli 1989; Ricect al. 1990), so that information abouttihe
VSG in the diffuse mediumn is effectively masked. Consequently, little is known about
the nature of VSG. Thesimnall graphite grain hypothesis has been favored by many
authors because these same grains are strong candidates for providing the 21 75A bump
inthe UV extinction curve (1)1 11’90, Mathis 1990). It is completely unclear however
where and how VSGform, and whal determines the abundance of VSG relative to
“classical” large grains. llelou, Ryter & Soifer (1991) have shown that the abundance
of PAlsrelative to large grains is constant with a rms dispersion of about 40% among
galaxics; however, the question of VSG abundance variations fromn galaxy to galaxy has
not been addressed.

We report here on a study of theIRAS colors of small areas a few hundred pc in
size within the disk of M31 . Thisgalaxy is perhapsthe Lest target for studying VSG
outside the Milky Way using 11RAS data, because: 1) it is the nearest spiral galaxy
outside the Milky Way, thus it isw c]] resolved by IRAS; 2) it is a well known quiescent
galaxy (Walterbos 1987), and therefore at 60punand cven at 25pn the emission is still
dominated by the diffuse dust notassociated with the star-formationregions. The study
uses new high resolution (~ 1) JRAS maps. We find the 1 RA S color-color diagram of
the diffuse emission of M3110 be unusual compared to Galactic cirrus, showing atrend
of having rather low 60;:m- to- 1001 surface brig htness ratios and high 12um-to-25pun
ratios. This observation canbe most naturally explained by a deficiency of VSG in M31 .
Throughout this paper, we assumc for M31 a distance of 690 kpc (1'= 200 pc along

o

the major axis), aninclination angle of 77°, andP.A.: 37°.

2. The Data




The new high resolution IRAS maps at 12, 25, 60 and 1001n were obtained from
the high resolution processor (HiRkes) developed at the Infrared Processing and Analysis
Cenler (1}’ AC) and based on the Maximum Correlation Method described by Awinann,
Fowler & Melnyk (1990), The resolution achicved in these mapsis~ 0,5 x 0.9 (in-scan
and cross-scan ha]f-power diamnctersrespectively) for the12 and 25pum maps,~ 0.8 x |'
for the 60pm map, and~ 1.5 x 1.5 for the100pm map, However, the resolution is
not uniform over themaps (Fowler & Aumman 1993), and depends in particular on
the surface brightness of the background. Inorder {o overcome this problem, and also
to siimplify the comparison between the four mmaps, wc smooth all of themn to a 1.7
circular beainona grid with 0.5 pixels. Jurthermore, the quantitative analysis in this
paper is carried out on asample of small areas (‘cells’), rather than pixels, cach of size
2 x 2. The surfs.cc brightness at wavelength A (A 1 12, 25, 60,and 100 pm), Jy in

1) of each ccl] is calculated from the corresponding smoothed map by averaging

Jysr-
the surface brighitness of a 4x4 array of adjacent pixels. These precautions should have
essentially remmoved the problem of ununiforin resolutions of the HiRes maps (Fowler,
private commmunication ).

Several versions of reduced IRA S dataon M 3] have been published, reporting a
variety of valucs for its total integrated fluxes, as show ninTable 1. While we arc more
concerned With the surface brightness distribution than with the total flux, thisis the
siimplest way to comnpare the various data sets, The first threw sets of numbers arc
reproduced from the listed references, while the fourth set was mecasured from the JRAS
Sky Survey Atlas (ISSA; Wheclocket al. 1 994) using the same method that we, uscd
to extract total fluxes from the HiRes maps. The method consisted of estimating the
local background sky brightnessinabout twenty circular arcas of ] O arcminutle radius,
verifying that these cstimates were consistent with a constant background, removing
the latter, then spatially integrating the emission fromnthe galaxy. Thesources of the
uncertainty of M3lintegrated fluxes calculated in this work are disc ussed in Appendix.

‘J here is substantial] discrepancy between the various determinations of the M31
fluxes, reflecting primnarily improvements in data processing techniques, and small
revisions io the calibration of I1RA S data. Our 1liRes data show very good agrecinent
with 1SSA at 60 and 100um, buil run larger than 1SSA by about 25% at 12 and 254,
signalling a possible calibration error. Although the astronomical result we report inthis
paper is based mainly onthedeficiency of 60 g cmissionrelated to 100/11]1 emission,
which is not aflected by the discrepancy found h ere, it also involves, to some extent,

the excess surface brightness at 25 relative to 60 yun, which has the same sign as the




TABLY 1.

Reference Jo(32pm) Ju(25pm) Ju(60pm)  f,(100pm)
Walterbos & Schwering 1 987 175:1 10 1504 5 610-1 5 2850 1 100
Rice ¢l al. 1988 163 108 536 2928
Rice et al. 1993 135 99 496 2507
1SSA 1993 172 146 619 3223
This work 1994 217 52 183 38 615 29 3089:1 309

discrepancy of HiRes fluxes comparcdto ISSA fluxes. However, the magnitude of this

discrepancy is too small to affect our inain conclusions significantly.

3.JRA S color-color diagrams

With the four JRAS bands onc can construct maximally three independent flux
ratios ("colors’), for which wechoose 18(12, 25) = Iya, /125105 R(25, 60) = J25,/16ops and
R(60, 1 00) = Joo, /11004 1 RA S color-color diagrams arc powerful tools for studying
both the grain commposition (I'All, VSG, silicate, graphite, etc.. ) and the heating
process of dust in different environment (e.g. in star-formmation regions or in quiescent
interstellar space). Helou (1 986) suggested atwo-component model whit}] interprets
the anticorrelation between R(60, 1 00) and 1{(12, 25) of galazics as resulting fromn the
supcerposition of {wo components of IFIR cmission from interstellar dust: a warm
component with high 12(60, 1 00) ant] low /(1 2, 25), and a cool component with low
(60, 100) and high 111(12, 25). The warm component is in general associated to massive
st ar formation regions, while the cool component is associated with “cirrus” or with
quicscent molecular clouds heated by the interstellar radiation field (1 S10'). Xu & De
Zotti (1 989) associated this model with amore realistic grain model which includes
I"All, and applied it to the 12(60,100) vs J2(12, 25) diagramsand R(60, 100) »s 1{(25,60)
diagrams of both star-forming galaxies (Markarian galaxies) andnormal spiral galaxies.
Sauvage, Thuan & Vigroux (1 990) showed, in the case of the Magellanic Clouds, that
the two-component model also applies to regions within galactic disks.

Wc study the IRAS color-color diagrams of a complete sample of small cells in
M31. Kachccll, 27 x 2" in size, correspondsto asmallregionof 0.4 kpe x 1.8 kpcinthe

M31disk. We have included only thosc cells which are within 80" from the center in



the plane of M31 (r <16 kpc for the assumed distance of 690 kpc). We only consider
cclls with surface brightness sufliciently high that each of the IRAS color ratios plotted
inthe following figures is significant at least atthe3o level.

In Figure 1 plotted is the color-color diagram J(60, 100) vs 1¢(1 2, 25) for the M31
cells. The plus signs show the colors of the bulge region, a central elliptical area of
20' x 12" (Walterbos & Kennicutt 1 988), which is warmer in emission compared to the
disk in both 12(60, 100) and /2(12, 25). Soifer et al. (1987) have found that the 12 and
25pm emission of the M31 bulge includes a substantial contribution fromn circumstellar
envelopes around evolved low mass stars, which is perhaps never significantin galactic
disks. Onthe other hand the 60 and 100um fluxes of the bulge arc likely duc to
interstellar dust heated by the intense ISR) supplied primarily by old stars.

The other points in IFigure 1 show the disk colors, with various symbols indicating
different significance of the contribution from the dust associated with star-formation

regions (the warm component), which is estiinated from the ratio
Re = £5(60pan) /1, (60pn) (1)

where 3 (6070n) is the 60p1n flux due to the discrete sources in acellin clue.sticm, and
1, (60pn) its total 60pn flux. The sources, which arc exclusively related to giant 1111
regions or 1111 region complexes (Rice et a. 1 990; Xu et al. 1992), arc exiractedfrom
the 60pm map using Gaussianfitlings. It is argued that the radiation {rom these sources
represents well the warm component (XU & Helou1993). As explained inthe legend, the
solid squares represent the regions where the warm component dominates (Rs > 0.5),
the crosses the regions where the warim component diminishing (R < 0.2), and the
open squarcs the cells in the intermediate situation.

‘J)hc clashed-dottccl line is the IRAS color sequence of the California Nebula
measured by Boulanger el a./. (] 988), strciching from the most intensely heated region
(the left-uppm corner of Figure 1 ) to the cooler outer parts of the nebula. The
distribution of galaxies onthe same color-color diagram gencrally follows this sequence
(Boulanger et al.1 988; Helou 1989). The clash ccl verticalline shows the colors calculated
by DBP90 for Galactic cirrus using the three-population dust model with PAls, VSG,
ancl large grains. The color variation along the line re.fleets a range in the intensitly
of the heating radiation from 0.05 to 10 times the ISR} in the Solar Neighborhood.
The line is vertlical because in the DBP90 model the spectra] shapes of PAHand VSG
cinission and their relative intensity arc alinost independent of the intensity of heating

radiation.
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~'here is a clear trend in this diagramn that cells with larger Ry ratios show
warmer R(60, 100) and cooler R(1 2, 25) ratios. This is in good agrecinent with the
two-component model (Helou 1986). 1t should be pointed out that the data points in
the bulge do not follow the two-component model, simply because the mechanism of
the M 1 R-F1 R emission there is somewhat different. I owever, it contributes so little
(~10%)to the integrated cmission of M31 that the validity of the two-component
model for the global colors of normal spiral galaxies is not aflccled.

On the other hand, most of the cmission in the M31 disk, especially that from
the cells with little contribution from the sources (the crosses), has cooler 12(60, 100)
and warmer K(1 2, 25) ratios than the cirrus in the Solar Neighborhood (2(60,100)-
0.21 :10.01 and R(12, 25) = 0.764 0.30, Boulanger & Pérault 1988). T'his cannot be
duc to the difference in the intensily of ISRF because the entire trajectory of the cirrus
model (the dashed line) which spans a very wide range of 1S}0’ intensity (0.05 - 10
times of the local 1SIFR), lies ncar the upper-left border of the data domnain.

The problem is presented cven better inthe (60, 100) vs 1(25,60) diagram which
is plotted in Iigure 2. Cells in the bulge have been excluded to simplify the plot.
The points are coded by the ratio Ry as in Figurel. The dashed-axlcl-clotted curve
again represents the color sequence of the California Nabula. The dashed line is the
DBPY0 model prediction for Galactic cirrus, with lower 12(25, 60) corresponding to
more intense heating. Cirrus colors as observed in the Solar Neighborhood (Boulanger
& Pérault 1988) occur ncar the minimumnof this curve. Clearly, this color-color diagram
allows better discrimination atlower heating intensitics then IYigure 1, with the points
scparaling out inR; ratio, and spreading out in a weak anticorrelation (60, 100) vs
1{(25,60). The data, espccially those for the cells with little contribution from the
sources (the crosses), are clearly inconsistent with the modec] prediction for Galactic

cirrus.

4. 1 nterpretation

4.1. Physical argument

The difluse emission from the disk of M31, represented by the cells of Ry <0.2,
displays IRAS colors which are different from Galactic cirrus: Themean IL(60,100) of
these cells, 0.167:10.003, is significantly lower thantheratioR(60,100): 0.21:1 0,01
for the cirrus in the Solar Neighborhood (Boulanger & Pérault 1988), and the mean
R(12, 25) = 1.23 : 0,03 is significantly higher than that of the Solar Neighborhood



cirrus. In the R(60,1 00) vs R(25,60) diagram, many of these cells show high 25um-
1o 60pun surface birghtness ratios (> 0.5) and low 60m-to- 100/ surface brightness
ratios (< 0.2) aiihesamec time. ThemeanR(25,1 00) = 0.047 | 0.002 of cells With
R, <0.2 is slightly lower thanthat of the Solar Neighborhood cirrus.

The constant R(60,100) inthe difluse emnissionin the Milky Way is interpretled as
duc to the contribution of cmission fromn ‘very small grains’ (VSG) (Cox & Mezger 1987,
Pérault el al.1990), whose contribution determines the minimum 1t(GO,] 00) recached at
low radiation densities. The unusually low R{60,1 00) values in the diffuse medium of
M31 must therefore indicate a deficiency in VSG emission. This might reflect cither a
lack of UV heating (Milliard 1984) that drives VSG fluctuations, or a lack of VSG.

A weak UV radiation ficld would depress evenmore noticeably the 12p1n emission,
becausc the latier is clue primarily to PAlls which arc more eflicient than VSG at
absorbing far UV photons. Since the 12 cinission is not depressed (relative to 100,an)
in the M31 regions in question, a weak UV field is an unlikely hypothesis.

Onthe other hand, VSG can be heated to relatively high temperatures (~ afew
hundreds Kelvin, Draine & Anderson 1985) by a single UV or optics] photon. They
arc therefore likely to be themost important contributors to the diffuse (cirrus) 25pum
cmission as w ¢]] as the 60jun cmission in regions of low radiation density. It would
therefore scem that the more natural explanation of the IRA S colors of M31 cirrus is a
deficiency in VSG compared to normal large grains and PAlls.

It should be noted, however, that the integrated IRAS colors of M31 | calculated
from the fluxes in ‘Jable. 1, do not indicate compellingly a VSG-deficient | SM ,
probably bemuse the evidence is masked by the superposed emissions from various
dust populations (e.g. the diffuse dustinthe disk andtihe dust associated to thestar-
formation regions) at diflerent heating intensities.

In what follows, wc will usethe phenomenological dust model of 1)ésert et al.
(1990) to clarify andillustratc the above argumentsand verify the detailed agreement

between the data and our conjecture.

4.2. Model Comparison

In Figures | ant] 2, the dotted line shows the prediction by the DBP90 model,
when dust is heated by a Solar Neghborhood ISRY with the UV light removed,
scaled inintensity by a factor varying from 0.05 to 10. This [JV-free model fails to
reproduce the data, primarily becausce it predicts too low a 1/(12, 25) ratio in Figure 1,
as might be expected since the UV photons would have provided the greater temperature

flue.tuatio]ls (in both VSG and I'A]]), and theassociated warmer inid-infrared emission.



InXigure 2, the UV-free modecl predicts too low avalue of 12(25, 60), because both PAH
and VSG emissivity drops, affecting the flux at 25um slightly morethanthe flux at 60
jun, which still gets contribution from the large grains.

The solid lines in Figures 1 and 2 show the prediction by the I BP0 modecl
modified by reduci ng the VSG abundance to half ils value in Galactic cirrus, This
variation on the modcl provides the best fit to the data. 72(60,1 00) is reduced because
of asmaller contribution from VSGto feons whereas R(12, 25) is enhanced because of
the increased abundance of PAlls relative to VSG, inagrecement with the data in }igure
1. As theinleusity of the heating radiation drops below the Solar Neighborhood value,
large grains cool down, so their reduced contribution at 60pm causes the increased
R(25, 60) values, thus aligning model predictions and data in Figure 2. At the lowest
heating levels the large grains arc so coldthatl their cmissivity al 1004 drops enough
to cause the up-turn in the solid linecon Figure 2.

in Jigurc 3 wc extend the testing of the VSG-deficient model by examining the
emissivily per 111 atom. Wc plot 22(60,100)vs 11?. (25, 60) for cells outside the well known
bright ring (7 kpc < r £ 12 kpc), i.e cellsin the annulus 12 kpe <r _< 14.5 kpc; outside

of 14.5 kpc the signal-to-noise ratio drops below 3 cverywhere. This annulus offers a
rcasonably broad range of heating intensities, butl reinains sufliciently narrow to avoid
potential eflects duc to radial gradientsininctallicity and dust-to-gas ratios {Walterbos
& Kennicutt 1 988). The conditions for dust cinission in star-formation regions arc very
different from those for diffuse dust einission, thus we exclude the cells with Rg > 0.5
inorder to concentrate on the difluse dust emission. The points in Figure 3 are marked
according to 15(100, 1) = lyo0x/Nin ratio in units of MJysr'10°°/1 cm 2 solid
squares arc cells with (1 00, 111) > 0.4, open squares arc cells with 0.2 <I(1 00, H1) <
0.4; and crosses the cells with 13(1 00, H1) <0.2. The cirrus in the Solar Necighborhood
has 15(100,111)= 0.854 0.03 inthe same units (Boulanger & Pérault 1988). Other
symbols have the same mecanings as in I'igure 2. The three numbers (0.15, 0.85, 3)
along the solid line give the values of 1 (100, 11), as predicted by the model at the
corresponding positions on that line, assuming a Solar Neighborhood dust- to-gas ratio
(DBPY0). ‘1I'here arc also corresponding tick marks onthe dottedline (the cirrus model)
and the dashed line (the 13V-free model).

The VSG -deficient model (the solidline inFigure 8) fits the data much better than
the other two models, namecly standard and 1JV-free Galactic cirrus. In the diagram,
the low 15(100, H1) points (open squares and crosses), and the high 1(100, 111) points
(solid squares) arc well separated as anticipated fromthemodel. However, the boundary

betweenthe two sets of points occurs where the model predicts 15100, H1) ~ 0.85 rather



than ~ 0.4 as required by the mncasurcinents. This is likely ducto a dust-to-gas ratio
which is depressed in the outer disk of M31comparedto the Solar Neighborhood which
was used as the basis of the DBP90 mode] (Wallerbos & Kennicutt 1988). A dust
heating model (Xu & Helou 1993), which makes usc of available UV, optical and 11}
maps, and which fits well the spatial distribution of FIR surface brightness in M31,
confirmms that the dust-to-1ll-gas ratio at a galactocentric distance of ~ 14 kpc is about
afactor of 2 lower than the Solar Neighborhood value, just asrequired by the data.

We therefore conclude that the data arc compatible with the inodel predictions of
DBP90 assuming that the VSG abundance relative to large grains and PAHsinM31 is
only onc half of its value in the local Milky Way.

5. Discussion

Wc find a significant difference in the IRAS colors of the diffuse dust emission of
M31 compared to the large-scale cmission (cosccant law) in the Solar Neighborhood.
The diflerence cannot be reproduced by the DBP90 model assuming UV-deficient
heating of the dust in M31. It canbe explained howcver by the same model assuming a
VSGabundance half of that inthe Solar Neighborhood. This assumption also predicts
the locations in the IRAS color-color diagrams of cells in the outer regions of the M31
disk with low and high 140, /Ny values. While the modelling works consistently for all
M3l cells, the cffect is most obvious where the radiation ficld is the weakest.

The VSGdeficiency in M31 would remain amodel-dependent result if based solely
on the IRAS data, since no direct VSG signature is involved, and DBP90 may have
oversimplified PAH ant] VSG properties, especially at low heating levels. One hint to
this effect is that the modeltendsio predict anoverabundance of VSG at high radiation
densitics, as evident in Figures 10 and 11 of DBPY0. However, a sirong independent
argument in favor of the VSG deficiency would be provided by a weaker 21 75A bump,
in line with the suggestion (Mathis 1 990) that VSG are responsible for that bump.
Recent 11 S71'data do indeed reveal narrower and weaker 21 75Abumps in the extinction
specira derived for two stars atl opposite sides of M 31 Jocated about 8 and 11kpe from
the nucleus (Hutchingsetal. 1992). Wc thercfore conclude that there is significant
evidence for a deficiency of VSGin M31comparing to the Galaxy.

While the VSG abundance in the Solar Neighborhood appears to be typical for
the Milky Way (1)}11'90, Boulanger & Pérault 1 988), the occurence of VSG-deficient

regions in our Galaxy cannot be ruled out, cspecially at low illumination levels or

9



outside the Solar circle. Such occurences would be similar to the strong variations in
I”All abundance reported for pockets within molecular cloud complexes (Boulanger et
al. 1 990). Onthe other hand,theintegrated colors of eventhe coldest galaxies remnain
higher in (60,1 00) than all the model curves in Figure 3 (Ilclouctal. 1 993), suggesting
thal as in M31, the mixing of cinissionfrom different heating environments masks the
evidence. No statement can therefore be made about the fraction of galaxies with VSG
dcficiency as observed in M31, or about the relation between VSG and PAH abundances.

In view of this uncertainty, we canonly speculate as to the causes of VSG
deficiency, and its implications for the origin of VSG. If the deficiency is tied to the
quiescence of M31 in terms of recent star formation (Walterbos 1987), it might indicate
that VSG are not formed like large grains, and possiblly the PAH molecules too (Mathis
1990), in the atmospheres of AGB stars, but rather require dense mnolecular clouds or
supernova explosions astheir birth places. Alternatively, VSGinay require constant
processing by supernova. shock waves an cl/or strong UV radiation to avoid growing

mantles and turning into large grains.
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Appendix. Sources of uncertainty of M 31 integratedfluxes

In estimating uncertaintics on the final M31 fluxes from this work (Table 1 ), we

consider four sources of uncertainty:
1) Noise inthemap: This is estimated from the dispersionin sky brighticess away fromn

sources, %o;and sets the minimumn photometric uncertainty inthe surface brightness

measured in a pixel, and in the spatially integrated fluxinan aperture. T'he dispersions
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mecasured 011 the raw HilRes maps within10' diameter apertures were 0.29, 0.27, 0.19,
and 0.37 MJy/sr a 12, 25,60 and 100 jum respectively.

1 .
Spatial integrals suffer froma minimum uncertainty equal to N2 0o, where Ny is
the number of independent resolution elements in the area over which the integration

1s taken.

2) Background subtraction: The relevant term here is departure from the assumpiion
of a{lat background duc to structure inthe foreground (Milky Way). Wc have tested
for such departures by comparingthe statistics of sky brighinessin the eighteen 10
diameter apertures used for background estimation. Fach of these areas contains N,
: 1232, 778, 27'9 or 56 independent resolution clementsat 12, 25, 60 and 100an. The

dispersion in the mmean surface brightnesscs of each area is larger than expected from

!
oo N, ?,the value expectedif 00 was the only source of deviationfromn a flat background.
Woc therefore derivea sky noise component with dispersion oy= 0.02, 0.015,0.07 and 0.2

MJy/sron the scale of the test apertures. This will contribute oy Nc‘lzto the integrated
flux uncertainty, where N, is the nuinber of 10 diaineter apertures in the solid angle
over which the flux is integrated.

The sky noise component characterized only by oy always contributes ]Jcss than
the component duc to 0o to the uncertainly on the tots] flux integral of M31 . The
combined termsamount to 45, 35,17band 13 Jy at 12, 25, 60 and 100pm;these are in
principle the only termns relevant to the comparison between HiRes and 1SS A integrated
fluxes. Jormally, the larger discrepancy at 12 and 25 jun is easily acceptable, since
greater uncertaintics arc expected. The discrepancy at 100pan is probably due to the
fact that sky structure (Milky Way cirrus) is more complex than the normal distribution

representation adopted here.

3) Calibration:

3.A) The absolute calibration of IRAS data is thought to be uncertain by 10% or
less (IRAS Explanatory Supplemnent 1988). 1 lowever, this is largely irrelevant to the
results in this paper, because the discus sion is confined to a comparison of IRAS colors.
Morcover,the 1111190 model has been tied to the JRAS absolute calibration.

3.3} liocal deviations of the calibration from the global IRAS calibration arc simall,
typically < 5% (ISSA Xxplanatory Supplement 1994).

3.C) Calibration uncertainties associated with the variation of responsivily of IRA S

detectors with “dwell time”, or equivalently with source size arvise bc.cause the HiRles
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maps wc work with here usc the very-large-scmrcc responsivity limit, whereas the M31
maps contain structure 011 various scales. The uncertaintics should be bo unded by
the AC/DC responsivity ratio described inthe IRAS Fxplanatory Supplement (1 988,
chapter 1V), This ratio amountstio 0.78, 0.82 and 0.92 at 12, 25 and 60p1m, bul was set
to 1 at 100pnl because of the more complex behavior at this wavelength. j¥rom Figure
IV.A 4.2 of thelRAS Explanatory Supplement, we estiinate 20% as a reasonable upper
limit to this source of uncertainiy at 100pm. We have adopted 1 1%, 9%, 4%, and 10%
for the uncertainty at 12, 25, GO and 100~~In.

4) HiRes artifacts: Potential artifacts of JlikRes for extended, low surface brightness
sources have not been characierized. Point source photometry at relatively high signal -
to-noise ratios is expected to be better than 20%. The uncertainties which appear in

Table 1 do not include any term for such artifacts.

The contributions fromitemns1), 2), and 3.C) above arc addedin quadrature to
yield the uncertainties listed in Table 1,
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Figure captions

Figure 1 R(60,100) vs 1/(12, 25) diagram for cells (22 x 2') inM31, The plus signs arc
cells inthe bulge region. Other points arc cells inthe disk: solid squares are ones with
significant contribution from sources (Rg = 3(60p1n)/1,,(60pem > 0.5) , open squares
with intermediate Rg ratio (0.2 <R,< 0.5), and the crosses arc dominated by the
difluse emission (Rs < 0.2). For comparison the corresponding ratios of the cirrus in
Solar Neighborhood is givenin the upper-right corner of the figure. The dashccl-dotted
line is the color sequence of the California Nebula (Boulanger et al. 1988), which goes
from the center of the star-forming region (the left-u])per corner of the figure) to the
outer part of the ncbula. Galaxies arc usualy located near this line. Tthe clash ccl vertical
line is the modecl prediction by Désertet a. (1 990) for the Galactic cirrus. The range
of the intensity of 1SR} in the modecl caculation is 0.05 - 10 times that of inthe Solar
Neighborhood. The clotted line is the prediction of the same dust model but heated by
an ISRF without any UV light. Thesolidline is the prediction from ainodel which is
otherwise the same with that of Désertet a. (1 990), but the abundance of Very Sinall
Grains (VSG) is mulliplicd by a factor of 0.5.

Figure 2 R(60, 100) ws 12(25, 60) diagram for cells (22 x 2) inM31 disk. Cellsin the
bulge regions (the plus signsinlfig.1) have been deliberately excluded. Other symbols

have the same meanings as inFigure 1.

Figure 3 K(60, 100) vs ]2(25, 60) diagram for cells (2 x 2') inM3louter disk (12k~Jc <
r <16kpc). Only cells with Rg < 0.5 arc included. Theyaremarked according to the
]100,,/Nm ratio: solid squares arc ones with]]oou/Nm >0.4 (MJysr /10°°11 cm™ 2),
open squares With 0.2 <ljeo, /Ny <0.4(MJy st 1710°°11 cin™ 2), and crosses with
Lioo, /N < 0.2(MJy sr™ 1/10°°11 e 2). Other symbols have the same mcanings as in
Iigure 2. ‘J)hc three numbers (0.15, 0.85, 3) along the solid line give the lioo, /N
values, in units of MJy sr? /102°11 cin™® | predicted by the model at the corresponding
positions on that line assuming a local dust-togas ratio (Désertet al. 1990). Tick

marks on the other two nodel lines correspond to the same ]]00,,/1\‘}” Value%.




cirrus 'in solar models:
neighbourhood: - cirrus
WGNNNMMVHOQ@HO@O — 50% VSG

L T R(60,100)=021=0.01 UV—free ISRF

9
/
/
/
f
|

LS
P | —
& _ " :
S -
O! = -I : - ,‘
© m - - E lmi Tx T -
= . < mla g
— vm‘x X .
< o :
a [
-
1 —
—
— ~ bulge :
-. R, > 05 errors: B —~
05 _° 02 = R, £ 05 M31 cells —————
Y < R < 02 ] | =
- S L Lo Cal. Neb—— B
- - California Nebula N
D ] 2 S

R(12,25)

rigure I




R(60,100)

cirrus 1ni solar

R
R

/

N

2560)=0.27-0.08
60.100)=0.21-0.01

neighbourhood: |

| models:! "
_ cirrus
—50% VSG

i

i i
i

]
J
!
|
t

UV—free Hmwm”

]

pu—

O

X

Lioou/ Ner > U4
02 £ Ligou/Nex < 0.4
Liogu/Ngr < 0.2

- - California Nebula |

errors: -

M31 cells ———

Cal. Neb.

Uo

2

R(25,60)

Tigure 2




Hj
-

¢ 21n3

co

STIe2 T¢NW

.SJOoJJ2

R(60,100)

N SURR Y SRS R

1

Jaf
d
/U

2

r

00109
(09

‘C
'POOYINOQYFT
at SﬂglIO

12°0=(
L2 0=

0'0=
800~
JI2T0S

T
|
|

!

!

S]epowt

OSA %0G——
SNIITO -—--

JYST 90d]— AN




